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3 A target detection and target recognition study was impiemented to determine
which of the 19 FOM's correlated h?ghest with performance, The study employed
a 575 line, 60 Hz field rate television display system with 2:1 interlace
of fields. Nine different display quality conditions were investiqated
using all combinations of three contrast ratfos (50:1, 50:5 and 50:15)
and three video bandwidths (6.0 MHz, 1.0 MHz, and 0.4 MHz). Noise was not
varied. N
To obtain further information about the 19 FOM's, they werz applied to a
study previously reported in the 1{terature. This previous study investigated
the effect of viewing distance on observer performance,

P Three FOM's stood out as promising indicators of display qualfty and observer

performance. The highest correlating FOM was the loq band-limited modulation
transfer function area (log BLMTFA) closely followed by the just-noticeable
difference area-log (JNDA-log, 1/2 cpd and the JNDA-log, 2cpd, . -

Although these FOM's correlated very well with the performance variables used
in this dissertation, the entire concept of FOM's must be approached with

| caution. The performance variables used for this dissertation may not be

the critical performance variables for a particular application. Thic concern
is discussed at length in Chapter 6 of this dissertation. As a result of

this potential problem, a promising means of modeling the actual observer
performance level was developed and is presented. A rough implementation of
this model agreed well with the results of a previous study.

Two FOM's correlated significantly and consistently poorer than the others,
These were the 1imiting resolution and the equivalent bandpass. This result
provides strong evidence that these two measures should not be used as over-
all quality indicators of dfsplay/observer systems,
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CHAPTER 1
INTRODUCT ION

Ever since man invented the lens and thus had a means of
producing an image of the real worid, there has been a problem of
characterizing the quality of that image. With the advent of photo-
graphy and, later, television, the problem of characterizing "image
quality” in a mesningful fashion has increased tremendously. The
primary objective of this dissertation is to investigate and evaluate
display system "figures of merit" (FOM's) that can be used to indicate
the image qumlity of television systems,

There are two approaches that can be taken toward determining
functional image quality: subjective and vbjective. The subjective
approach compares analytically derived measures of image quality with
the subjective assessment of image quality as determined by human
observers, The objective approach compares the analytically derived
image quality measures with a performance variable associated with a
particular observer cask., Typical performance variables are response
time, number of correct responses, size of target at recognition, and
slant range (distance) to target at recognition/detection (see

Appandix A)., Almost all observer tasks involve recognition, detection
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or identification of some type of tarret., Targets may be real objects 5
auch as vehicles, buildings, or faces, or they may be artificial such aus
tri-bar patterns, rectangles, or sine waves.

The typical objective image quality assessment study investi-~ ;
gates the effect of two or three display variables on the image quality :
measure being considerad and the resulting observer performance,

Table 1 shows a listing of parameters used to describe a video display
system.

There are two basic subcategories of objective image quality
assessnent studies: 1) studies which employ a method intendad to
predict absolute ohserver performance levels, 2) studies which compare
the correlation of a ganeralized FOM with obsaerver performance. The
first type is more difficult and is typically applied to artificial
targets., The sacond type provides a relative measure AE image quality

(1f it is successful) but does not give information as to the absolute
performance level that can be expected. Thie digsertation primarily
addresses the second subcategory.

It is apparent from the vast number of combinations of target
type, observer tasks, display variables, and digplay types that it is
nearly impossible to make meaningful comparisons among studies found in
the literature. Navertheless, Chapter 2 of this diseertation provides a

summary review of the literature and attempts to evaluate and compare

the various FOM's proposed therein.
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Table 1. Television display system parameters

Geometric

Eloctronic

Photometric

Viewing Distance
Display Siza

Aapect Ratio

Number of Scan Lines
Interlace Ratio

Scan Line Spacing

Linearity

Bendwidth
Dynamic Range
Signal/Noise
Frame Rate

Field Rate

Luminance

Gray Shades

Contrant Ratio
Halation

Ambient Illuminance
Color

Resolution

Spot Size

MTF

Luminance Uniformity

Gamma

To define an area that can be reasonably investigated ia this

dissertation, only display systems operating under raelatively low noise

level conditions are considered,

Even within this defined ares it is

found that no investig.tion has attempted to apply more that three FOM's

to the asame observer performance data to determine which one yields the

beat correlation. Chapter 3 provides a brief discussion on sach of the

FOM's under consideration,

Chapter 4 describes a target detection and

targat recognition study that was done to providsa baseline pertformance

data for comparing the FOM's., Chapter 5 describes a previous target




f raecognition study that compares the pefformance of subjects in that

experiment to the calculated values of each of 18 FOM's, A discussion

e of the concept of FOM's und a target recognition model are provided in
?: i Chapter 6., The conclusions are given in Chapter 7.

There are several terms with which the reader may not be familiar
or that may have multiple meanings. To minimize the possibility of

confusion, the following liast of terms and definitions is provided:

Area-type FOM: If the FOM is calculated by finding the areu under a
curve, it is referred to as an "area-type" FOM. The most
common of these 18 the modulation transfer function area (MTIA)
which 18 defined us the area between the MIF of the diaplay
system and the visual contrast threshold function.

Bandwidth: Bandwidth i{s defiuwd us the width of the band of frequencles

that a system is capable of transmitting. For display systoms

_i f this can be defined in efther electronic temporal frequencies or
; ; the corregponding spatiul frequencies., Since the television

33 | image 18 produced by a single scaaning spot of light, the

.; | temporal frequency bandwidth and the spatial frequency bandwidth
‘J ' are directly related. 1If the MTF is Gaussian, then the band-
width can be specified by a wingle number., This number 18 the
frequency at which the modulation transfer factor is 0.5. This

corresponds to the point at wnhich the output signal is reduced

V, o v;.»i&w.‘.\ﬂmhm ot




by 3.dB, or 50 percent, with respect to the input signal (see

definition of Gaussian MTF).

Contrast: Thers ara many definitions of contrast; only one is used

throughout this dissertation. Contrast is defined as the
maxinmum luminance minus the minimum luminance divided by the sum
of the two, This term i{s used interchangeably with the terms,
"modulation" and "modulation contrast" and is dencted by the

symbol M.

Contrast ratio: This is definaed as the ratio of the maximum luminance

to the minimum luminance. It is not the same as contrast but is
related to contrast by the following equation:
+
Cp = %’:’% ()
where
Cy ™ contrast ratio

M = contrast (or modulation)

Contrast msnsitivity function: The reciprocal of the contrast threshold

function.

Contrast thrashold function: The eye raquires a cartain minimum level

of contrast before it is able to detact the presence of a

swpatially varying sine-wave pattern. This level depends on the

spatial frequency of the sine-wave patrern. The level of contrast
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raquired for an obsarver to detect the presence of the pattern
with a 50 percent probability level, described as a function of
angular spatial frequency, is defined as the contrast threshold
function.

Corrclation: The correlation coefficient, r, ranges in value from
¥ = 0, indicating no relationship betwaen the two variables to
r = *], indicating & perfect linear relationship between the two
variables. The negative sign corresponds to a negative sloping
line and the positive sign to a positive aloping line. The
equation used to calculate r, is discussed in Mathematical
Statistics by J. E., Freund (1962).

Frame rate: This is the rapidity with which the videc picture is fully
updated, For standard commercial television this is 30 frames
(or pictures) per second.

Modulation: see contrast

Modulation contrast: see contrast

Modulation factor: see modulation transfer factor

Modulation transfer factor: Tha modulation transfer factor is the ratio
of the modulation at the output to the modulation at the input
of a system for a particular spatial frequancy sine-wave
pattern. This is denoted by the symbol M.

Modulation transfer function: 1If a sine-wave pattern is imaged through
a linear display system, then the resulting image is & sine~wave

pattern that may have a different modulation from the original.

e e R S TS Yy
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Tha ratio of the modulation of the output sine-wave pattarn to
the modulation of the input sine-wave pattern is the modulation
tranafer factor. The curve describing this factor as a function
of spatial frequency is the ﬁodulation transfer function, or
MIF. This function is identified by the symbol M(w). The

MIF is strictly defined only if the display syetem is linesr,

However, fpr systems that depart only slightly from linearity,

NIRRT R P S

the concept of MIF 4is still useful, Such is the case for the
1,: application of the MIF concept to video displays., A Gaussian
MTIF i defined by the following squation:
- w )
Mg(w) = ¢70.693 (;,';]z ' (2) i
_i:_ vhere
Mg(w) = modulation transfer factor )

9 { w = wpatial frequency variable

Wo ™ bandwidth
- Defined in this mauner the value of Mg(w) is 0.5 for w = wq.
Thus w, is the bandwidth of the display. R

Scan line:t A video picture is typically made up of a number of A

horizontal lines that are "painted" on the phosphor of the
television display. This is done by an elactron beam inside the 9
cathode-ray tube that acans across the display. Each of these 4

lines of picture information is called a scan line. This is
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not the same as the number of TV lines, which is a measure of

resolution,

Sine~wave pattern: This is a two-dimensional pattern with & luminance

Spatial

distribucion in ﬁno dimension that varies as tha sine of the
coordinate of that dimension plus an average luminance valua.
There is no luminance variation in the orthogonal dimension.
frequency: Therc are three distinctly different spatial
frequency parameters, The distinction is sufficiently important
that each of these is rapresented by a different symbol to avoid
confusion. Each has its appropriate use in describing display
systems,

Angular apatial frequency, w. This quantity is measured
in units of cycles per degree, This indicates tha number of
cycles of a periodic pattern that subtend an angle of one degree
as measured from a particular viewing distance. It is typically
used when one is interested in relating to vision or visual
characteristics. The contrast sensitivity function and the

contrast thrashold function are expressead in terms of this

variable.

Linear wpatial frequency. There are two ways of charac-
terizing linear aspatial frequency: in units of cycles per unit
length or cycles per display width. The first indicates thae
numbar of cycles of a target pattern that are contained in a

specifiad unit of length such as an inch or centimeter, This

—————
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P el




is denoted by the symbol "f", and is commonly used in optics and

|
|
photography., This type of measure corresponds to the density of i

The second is generally used in television and denotes twice the

;_} information that can be tranamitted through the display systemw.
3

% total number of cycles (number of TV linea counting black and

; white lines) that are contained along a rastar line, acrosas the | ﬁ
“ui full width of the display, regardless of the actual display
' : size, This variable is indicated by N, defined us the number of
half=-cycles acrosa the display width,. This wmeasure is appro=~

priate for relating to the total information the display ia

helal
v . a i ¢

capable of tranamitting.

These three spatial frequenciles are relatad according to

¥
the following equations:

f ou o

2w

-1
w = % 3arc tan (7%3J€

K i L - Rl
e e e A et e i et e A7 ™ 2

whetre

f = linear spatial frequency (cycles/unit length)

N = linear spatial frequency (half-cycles/display width)

w = angular apatial frequency (cycles/degree)

=
n

diaplay width

o
[ ]

viewing distance
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The equation for u givgn the angular spatial frequency for the
center of the display only if the display surface is perpen-
diculaz to the obaserver's line of aight.

Square-wave pattern: This is a two-dimensional pattern in which the
luminance distribution varies aa a square wave in one dimension.
It appears as a series of equal width, alternating bright and
dark bars.

Transfer factor: see modulation transfer factor,

TV lines pecr picture height: This is a linear spatial frequency measure
devaloped by Schade (1953) that corresponds to the maximum
numbar of square-wave half cycles (black or white bars) that can
be resolved along a distance on a diuplay equal) to tha height of
the display. Also, referred to as TV lines resolution. It is

denoted by Ny.
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CHAPTER 2
LITERATURE REVIEW

The most widely used measure of display quality is limiting

resolution, Even with the advant of more elegant display measurements

such as tha modulation transfer function (MIF), display users still

resort to limiting resolution as a means of specifying the required or

actual display quality (Brock, 1967). Several test patterns have been

developed to directly detarmine the limiting resolution of an imaging

system., Figures 2,1 and 2.2 show two such patterns, Figure 2.1 ia the

Electronic Indusiries Association (EIA) Resolution Chart (formerly
RRTMA chart) developed specifically for use with television systema, and
Figure, 2.2 is the 1951 standard U.S. Air Force tri-bar target pattern.

The wedge shaped patterns of the EIA chart are used to directly

determine the limiting resolution of the display aystem in units of TV

lines per picture height., Two TV lines correspond to one line pair or

cycle of the bars making up the wedge pattern. The point at which the

bars of the wadge pattern are no longer individually distinguishable is

the limiting resolution of tha display system, Normally the prncedure

raquires that the observer making the resclution determination is

sufficiently close to the display that he is not vision limited. Thus,

the resolution measure is strictly & characteristic of the display
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system. Howaever, {f the observer ls required to view the display from
the same distance at which the display will be used operaticonally, then
the resolution measure is determined by a combination of the display
system capability and the observer's visual system. This second method
i1s seldom used but it should provide a more reasonable resolution value
since it i{s a result of the complete display/observer syatem.

The Ailr Force tri-bar target pattern is divided into seven
groups of six elements. Each spatial frequency is repregsented by a
three=bar patrern oriented vertically and a three-bar pattern oriented
horizontally, The resolution of the imaging system {s determined by the
smallest tri-bar patt en that can be resolved into its three bars. This
limiting revolution {3 then apecified in terms of the group and element
of the "just resolvable" tri-bar,

Both of these methods of determining limiting resolution require
a subjective amsessment from the observer as to whether or not a pattern
i{s "resolved." This is not always an easy judgment and can lead to
considerable variability in resolution measurements due to individual
differences between observers. There is an alternative approach
(Snyder, 1974a). Limiting resolurion can be determined by making use
of the MTF of the system in conjunction with measurements of the human
visual contrast threshold curve (Campbell and Robson, 1968; Depalms
and Lowry, 1962),

The MTF of the display system indicates the system's capability

to transfer contrast from the input scene to the output image as a
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_function of spatial frequency, As such, the MTF itself does not define

a contrast lavel at the cutput of the display unless an input contrast
has beaen specified. For all of the FOM's that use the MIF in conjunction
with the visual threshold function, chre is an implied agsumption that
the 1ﬁput contrast is 100 percent across all spatial frequencies. With
this assumption, the MTF curve describes the actual expected output
contrast as a8 function of spatial frequency. This is a aubtle point

but it should be noted,

Figure 2.3 shows how the display system MIF and the visual
threshold function are used to determine the limiting reaclution of the
display system. The intersection of the display system MIF with the
vigsual contrast threshold curve represents the highest sine-wave spatial
frequency that can be produced by the display aystem and that can be
seen by the obsarver. The advantage of this approach is the reduction of
variability in determining the limiting resolution.

All of these resolution measures provide information about the
high frequency portion of the digplay MIF but not about the display
capability at lower spatial frequencies, One method of providing more
information about the lower spatial frequency performance is to measure
the suprathreshold resolution (Task, Pinkus, and Hornseth, 1978)
described below.

In 1968 Campbell and Robson published the two curves shown in
Fig. 2.4, The right-hand curve is the often measured contrast threshold

curve for the human visual system. This curve indicates the amount of
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contrast required for a sine-wave pattern to be just detectable 50
percent of the time as a function of angular spatial frequency. The
left-hand curve of Fig. 2.4 indicates the amount of contrast required to
determine whether the target pattern being viewed is a sine-wave or a
square-wave target as a function of spatial frequency. The intersection
of this sine-wave/square-wave discrimination curve with the MTF of the
display system is defined as the suprathreshold resolution of the
system.

All of the measures described so far provide information about
only a single spatial frequency. A concept that was proposed to
incorporate aspects of the MIF value for all spatial frequencies is the
equivalent bandpass, N, (Schade, 1953). The equivalent bandpass is
calcusated using equation 3.

oo
Ne = J M} amy (3)
)
where

M(Ny) = MIF of the display system

Nh = spatial frequency in units of TV linas per picture height
This measure depends only on the display system characteristice and is
independent of the visual system capabilities.

Borough, Fallis, Warnock and Britt (1967) proposed an FOM for
film systems designated the MIFA., Snyder (1974a) applied this measure

to television gystems as a potentially useful means of indicating video

T




display image quality. The MITFA is calculated by computing the aren
batween the MTF of the diaplay system and the contrast threshold
function of the observer. This is shown in graphic form in Fig. 2.3,

In equation form the MTFA is:

N
MIFA = f ! {M(w) - T(w} dw %)
o

whare
M(w) = angular MIF of the display syatem
T{w) = visual contrast threshold function
w = angular spatial frequency (cycles/degrae)
wp = angular spatial frequency at which M(w) {ntursects T(w)
(which 18 alwo the limiting resolution of the display/
observer system)
Because of the difficulty of producing high quality sine-wave patterns
for measuring the MIF of the dlsplay system, Snyder proposed a variation
of the MTFA concept using square-wave (bar) patterns., The resulting
area measure way designated MITAgq to indicate that the area measured
was between the square-wave rosponse of the television eystem and the
square-wave contrast threshold of the observer. Using the NTFA,q Snyder
(1974b) was able to obtain very good correlations with reaction time
and correct responses for a fuce racognition task. Display quality was
varied by changing the video bandwidth, line rate, and noise level,
Changing the line rate and bandwidth affected the vertical and hori-

zontal resolution of the dieplay, respectively, and the nolwe affected
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the contrast threshold curve of the observer. A total of 15 display
conditions composed of different combinations of line rate, bandwidth
and noise were used in the study, The results showad good correlationo
with log)g MIFAgq. Correlation with correct response was r = 0.87

(p < 0.001) and with response time was rr; 0.92 {p < 0.001).
Correlations were calculated using the method described in Mathematical
Statistics by Freund (1962),

One criticism of the MIFA and MIFA;, (and similar FOM's) is that
they are based on a vne-dimensional MTF (measured along the scan lines)
whereas the display system provides visual information in two dimensicns.
For television displays the problem is compounded somewhat by the fact
that the display is continuous in one dimension and discretely sampled
in the other,

~In a later study, Snyder (1976) attempted to measure directly
the MTF of ‘the display in the diraection perpendicular to the scan lines.
This measured MTF was then combined in various ways with the MIF in the
perpendicular direction (along the scan lines) co obtain a twowdimenaional
MTFA., These combinations included the arithmetic mean, geodmetric mean,
harmonic mean, and the quadratic mean., The resulting two-dimensional
MTIFA values were applinrd to a target acquisition task with some degree
of success,

The correlations calculated for this experiment were lower than
in previous experiments, but the interesting point is that most of the

two~dimensional MTFA values correlated higher than the one-dimensional
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MIFA values. However, many of the differences in correlation ware not
statistically significant. Correlations with simulated slant range (sae
Appendix A) to target at detection and the number of correct responses

ranged from 0,16 to 0,70, Probably part of the reason for the lower

correlations is that subjects were required to search the display
1' to acquire the target, This adds to the variance due to differances in

ssarch strategles batween subjects and, consequently, tends to lower the

correlation,

The MTFA concaept has a certain amount of appeal since it
includes both characteristics of the display system and of the observer.

Howevaer, some criticiasm has been raised as to the way in which the display

i
characteristics and the observer characteristics should ba combined. !
van Meeteren (1973) suggested that the MTF of the display system should

be multiplied by tha contrast sensitivity function (CSF) of the visual

system, Sinca the CSF is the reciprocal of the visual contrast thres- [

hold curve previously discussed, this is squivalent to dividing the MTF ] m

by the contrast threshold function. The resulting quantity has been

denignated the integrated contrast sensitivity (ICS):

e

-4 o0

M(w
] ﬁ-;;— du (5)

PFopres

ICS w f M(w) * S(w) dy = f

F
o A

-

0

e

where

R e SRR A

ICS = integrated contrast aensitivity

M(w) = display system MTF
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S(w) = contrast sensitivity function
T(w) = contrast threshold function
w = spatial frequency (angular units)

Granger and Cupery (1972) have proposed a modified version of
the MTFA concept called the subjective quality factor (SQF). Although
their experiments were done using film, the SQF can euasily be applied to
television aystems. In equation form!

an :
SOF = K J f |M(1n w, 8)] |My(ln w)|d® d(ln w) (6)
]

In a
where
K = normalizing factor
a *» low spatial frequency integration limit
M(ln w, 8) = two~dimensional optical transfer function of the
display systom in polar coordinates
M, = MTF of the visual system
w = angular spatial frequaency
® = orientation angle of the spatial frequency
Cranger (1974) obmerved that most of the visnal response occurs
between 3 and 12 cycles per degree (cpd), s0 he suggestod a simplified
SQF that umes a rectangular frequency bandpass from 3 cpd to 12 cpd to
approximate the visual passband, (My(ln w)). The resulting equation

for SQF 1se




in 12 IZﬂ

SQF = K J [M(1n w,0)|de d(1ln) ¢))

Ind Jo

Experiments done by Granger and Cuprey (1972) and Granger (1974) showed
axcallent corralation between the computed SQF and the rank érdlr'of

;;_ subjectively ranked black and white photographs (correlation r = 0.990).
; The area-type FOM provides a conceptually simple method of

i determining the quality of a display system, However, for the arsa-typse
FOM approach to be successful, the arsa anclosed @ul: be 1lo£ropin with
respect to visual effect. That is, aach unit of area nust contribute as
much to ovarall visual performance as every other identically sised unit
of arsa. If this is not the case, then it would be possible to devise
display conditions that have the same MTFA but permit markedly differant

" obsorver performance, It is therafore desirabls to transform the two

axes of the area-type FOM so that they are linear with raspact to

visual effect,

Task and Verona (1976) attempted to produce an isotropic area=

S T P R

type FOM by transforming the modulation contrast axis into the number
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of V2 gray shades., The resulting gray shade versus spatial frequency

ek
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graph was then used to calculate the area botween the visual threshold
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curve (converted to gray shades) and the gray-shade response of the

digplay system. This FOM was designated thae gray shade frequency product !

(GFP). Figure 2.5 shows the mathod used to convert r-iulation contrast :

it S

 ; to gray shades. The affect of this conversion is to weight the upper }

contrast levels more heavily, as can be seen by the graph in Fig. 2.6.
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This type of weighting is reasonable 1if the visual system responds

logaritimically to luminance levels, which has been shown to be the case

for moderate luminance levels and just-noticeable difference (JND)

atudies (Graham, 1965, p. 215). However, more recent experiments

! , (Carlson and Cohen, 1978) have shown that the vigual system seems to
respond logarithmically to levels of modulatlon contrast of sine-wave

gratings. This type of transformation would tend to weight the lowaer

. contrast levels more heavily than the upper contrast levels, :
@ The work done by Carlson and Cohen (1978) was directed toward la
3 F
! developing u means of predicting JND's in display imaging quality. To 14

this end they developed detectable differencu diagrams (DDD) to aid in

determining how much of an M1F change can be tolerated in a display

syatom before the change im noticed, Figure 2.7 showa the DDD they

published in the SID (Society for Information Display) 78 Digest. One

concept that is exploraed later in this paper {s the application of the

DDD to transform the arca~type FOM to a quantity that may be linearly

e e St e - o O et L s = L i Tl i

related to vision. This FOM {4 dosignated the Just-noticeable differ-
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ance area (JNDA). It is calculated by tranaforming the display mystem i

= e e

MTF curvea to JND levels uming the DDD of Carlson and Cohen, then i
intdgrating to Find the area under the resulting curve, The lower F %
limit of {ntegration 1s ut one~half cycle per degree eince this is the j

lowest frequency shown on tha DDD,

In the course of the llterature review other FOM's for displays
were found but could not be considered for evaluation and comparlson

due to problems of implementing the measur..,

a
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Fig. 2.7. Detectable difference diagram of Carlson and Cohen (1978)

The DDD was presented by Carlson and Cohen (1978) as a means of
determining how much the MTF of two displays must differ before an
observer can detect the difference. This DDD shows the MIF's of
three different displays on it. The two MIF's indicated by the
label B are just noticeably different because they differ by more
than one just-noticeable difference (JND) level at some spatial
frequency (in thie case, at 12 cycles/degree). The MTF labelled A
corresponds to & natural maximum MIF, 1i.e., distinguished as
noticeably better because there are no higher JND levels to
encompass. Thio corresponds to the limit of visual capability.
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Rosall and Willsom (1971, 1972, 1974) and Willson, Rosell, and
Walmaley (1976) have developed and investigated the signal-to-noise
ratio at the display (SNRp). Equations describing the SNRp for
rectangular targets and pariodic targats have been produced and applied
to observar tasks involving the detection of rectangles or trie=bar
patterns. Results from these studies have been successful within the
limits of the assumptions made in deriving the SNRp aquations, Since
these efforts wers primarily directed toward characterizing the sensor
and of the display syatam, the display itself was neglected. The SNRp
squations assume the display MTF to ba unity. This was not the case for
the studies undertaken for this dissertation, so it was not possible to
apply the SNRp concept without violating the assumption under which it
was derived. The SNRp was intended primarily to charscterize effects
dus to noise. Sincea this papar is concerned with only low-noise systams
and noise was not a variable in the experiments, it is not appropriate
to try to forca the SNRp into the role of a display system FOM.

Schindler (1976) has proposad thit information density (bits par
square degree), measured in a unique fashion, be used as a display
system FOM. Using information theory, Schtnglor derived an equation

for information density: !
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where
Fo, = spatial frequency of maximum useful information
f = spatial frequency variable (linear spatial frequency)

P, (f) = signal pover at frequency f

Pps (£) = power of the just discriminable signal difference at

frequency £

Uaing a modified version of this equation, Schindler weasured the
"{nformation spectrum" obtained from a film tranaparency by employing
optical Fourier transform techniques and a apecial segmented detector.
The detector was located at the Fraunhofer diffraction plane of the
optical Fourler transform aystem. It contained 32, semicircular,
concentric segments which were used to measure the powar as a function
of apatial frequency in the transform plane, The integral of this
information apectrum (bits per cycle squaraed) was calculated to obtain
the overall information density.

A major problem with applying this technique to televiaion
displays is that a photographic transparency of the display must be
obtained first before the optically measured information density can be
calculated. Thims intermediate step requires rime for developing the
film and contributms to the possibiliry of error. There is also some
problem in quantifying the relationship between exposure time and
dynamic noise on the display and its effact on the optically determined
information density., Also, the film MIF is i{mplicitly assumed to be

unity for the spatial frequencies of intereat.

R IR




In spite of these concerns, Schindler obtained good correlations ! ;

' between the information density metric and performance variables for

several targat recognition studiss (r = -0,67; r = -0.82; r » =0.96).
Since the equipment was not available to measure the¢ information

density in the same manner as Schindler, this FOM is not consldered in

later sections of this paper. However, it is possible to use the

information denaity approach of Schindler (1976) and the DDD's of Carlson

information density capability of the display/observer aystem. From

Schindler (1976) the information density is defined to ba:
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|
and Cohen (1978) to calculate a FOM that can be considared to be the ; i
!
|
|
Fx (Fy i
D=4 log, {L (£x, £y)} dfy afy - (9 \
o . |
!
|

e B

L vhers
D = information density in bilts per unit area

fx ™ linear spatial frequency in x direction

fy » linear spatial frequency in y direction

" oy PR

L(f,, fy) = number of discriminable levels
\ Fyx = upper frequency limit for x-axia
r, = upper frequency limit for y-axis '
If it is assumed that the JND levels of Carlson and Cohen can !
be used to replace L(Ex.fy) in equatioun 9, the information density could

then be calculated using equation 10:
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Fx (Fy
D=4 jo [0 logy {JIND (fy, £y} dfy df

i A modified versgion of this equation is usad in later gections of this

dissertation to calculate an FOM value which is proportional to the

e i

information density,

Another variation of the area~type FOM is the JNDA-log. This

- TS

FOM 18 calculated by determining the area under the JND vs., log spatial

frequency curve, Two lower limits of intergration for the log spatial

frequency were tried: one-half cycle per degree and two cyclea per

degrea. These are dimtinguished by a notation following the abbrevia-
tions, 1/2 epd and 2 cpd, respectively.
Table 2 shows a summary of the FOM's that are investigated in

this d;saertation. The GFP-log (Task and Verona, 1976) shown in Table 2

was calculated by integrating the gray-shade response curve with respect
! to log epacial frequency. The log after the abbreviation indicates this
type of integration. Unfortunately, integrating with raespect to log
spatial frequency requires a cholca of some arbitrary low spatial

) frequency limit of integration. For the CGFP-log values calculated in

this dissertation the lower frequency cutoff was chosen to be one cycle

per degree.
Two other FOM's were investigated that are not listed in Table 2.
These represent minor nodifications of the FOM's lieted and are

explained in the appropriate sections of this dissertation,
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Table 2.

List of FOM's inveatigated and their abbreviations

Limiting Resolution

Log Limiting Resolution
Suprathrashold Resolutiun

Log Suprathreshold Resolution
Modulation Transfaer Function Area

Log Modulation Transfer Function Area
Equivalent Bandpass

Gray Shade Frequency Product

Gray Shade Frequency Product-Log
Subjective Quality Factor

Integrated Contrast Sensitivity
Just-Noticcable Difference Area

Log Just-Noticeable Difference Area
Information Density

Log Information Density
Juat-Noticeabie Difference Area-log (1/2 cpd)

Just-Noticeable Difference Area~-Log (2 cpd)

Lim. Res.

Log Lim, Res,
S.T. Res,

Log S.T. Res.
MTFA

Log MTFA

Ne

GFP

GFP=log

SQF

ICS

JNDA

Log JNDA

Info. Dens.

Log Info, Dens.,
JNDA-Log (1/2 cpd)

JNDS=Log (2 cpd)
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CHAPTFR 3
EVALUATION OF DISPLAY SYSTEM FIGURES OF MERIT

There have been countless studies in the past to determine :he
effect of sevaral parameters on visiog and visual perception. Likewise
many atudies have been done to assegs the effect of various display
parameters on visual performance, In order to be useful an FOM must be
sensitive to both characteristics of vision and characteristics of the
display system, All of the FOM's under consideration in this paper,
with the exception of one, are affected by goth display and vision
characteristics, The exception is the equivalent bandpass, N. (Schade,
1953).

On close inspection it can be seen that all of the FOM's under
consideration fall into two basic categories, Limiting resolution and
suprathreshold resolution are single~number quantities (angular spatial
frequencies) which characterize the dian}ay/observer system for a single
spatial frequency. The remaining FOM's are area~type measures. That
18, each one depends on the MIF of the display systewm (or some trans-
formation of the MTF) and the human visual contrast threshold function,
The different variations of the area measures are essentially attempts

to trangform the axes into dimensions that are properly weighted in

terms of visual information content,
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The remainder of this chapter contains a discussion of each of
the FOM'a and an evaluation of the relationship of each FOM with known

characteristics of vision and displays.

Equivalent Bandpass

This measure does not include any characteristics of the visual
aystem, Therefore, there are several parameters that can be changed in

the diaplay/observer ayatem that would affect visual parformance but

-would not affect Ne. For example, performance is affected by the

- angular size of the display with respect to the observer (Mattin, Tasek,

Woodruff, and Pinkus, 1976) but this parameter does not affect the value
of Ny, Tor this reason it is not expected that Ng will perform well aa

a display system FOM.

Limiting Resolution

Thia FOM incorporates characteristics of both the visual eystem
and the display system as indicated in Fig. 2.3. A loss of bandwidth or
a4 loss of contrast will cause the contrast threshold function to inter-
gect the MIF of the dieplay aystem at a lower spatial frequency. Any
parametar which affects vision will cause a change to the contrawst
threshold function, resulting in & different spatial frequency for the
limiting resolution, Parametars such as luminance level and noise level
are thus indirectly incorporated into the limiting resolution concept
by their effect on the contrast threshold function., These effects

probably account for the iimited success and wide usa of this FOM as a
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means of characterizing display quality. One problem with this FOM is
due to the ways in which it can be obtained. The limiting resolution
value obtained for a display system depends upon the wqy‘it is detar~
mined and upon the observer making the determination.

A major problem with this POM stems from the fact that it is a

"{imit-typa" messure. That is, it provides information concerning only

& single spatial frequency and this spatial frequency is, by deiinition,
at the 11mitro£ vision., Figure 3.1 shows the MTF of two display systems
which have identical limiting resolution values, but much different
contrast capabilitien at the lower spatial fruequencies, The display
with tha upper MIF will appear to have a better image quality due to the
increased contrast, and 1f the contrast diff;rnnce is great enough, it
will also permit better visual performance. It im this type of problem

that motivated the creation of the suprathreshold resolution FOM

discusssd in the next section.

Suprathreshold Resolution

Tha cuprathreshold resolution is a single frequency type FOM,
but it provides information about the display/observer system in the
middle range of spatial frequoncies rather than in the high range.
This partially alleviates the problem depicted in Fig. 3.1 concerning
the limiting rcsolution. Figure 3.2 shows two display systems with
identical suprathrashold resolutions but with different MTF's., Note
that the display system with the higher contrast must have a lower band-

width (equivalent to a lower limiting resolution) in order to maintain
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Noute that the suprathreshold resgolution acts aw a pivot
point in the trade-off between bandwidth and contrast.

N




the same suprathreshold resolution. Thus, the suprathreshold resolution
acts as a fulerum point in the trade-off betwsen contrast and bundwidth.
If the way in which suprathreshold resolution was defined is appropriate,

then it should accurately describe the results for studies where contrast

and bandwidth are both varied,

For the examples shown in Fig. 3.1 and Fig. 3.2 a Gaussian=
shaped MTF was assumed, If the shape of the MIF ia allowed to deviate
drastically from Gaussian, then it is pomssible to invent hypothetical
situations for the suprathreshold resolution such that the suprathresh=
old vesolution point would not act as a proper fulcrum for trading off
bandwidth and contrast. However, barring strangaly shaped MTF's, the
suprathreshold resclution appears to have the characteristics for a

potentially useful FOM,

Modulation Trauafer Function Area

The MIFA is the basis for & number of area~type FOM's that are
diascussed in the following sections. The major (potential ) advantage
of this and the following TOM's is that they incorporate the MIF of the
display system and the contrast threshold function (CTF) of the obaerver
across all spatial frequencies, However, in order to be effective, the
area~type FOM must combine the display MIF and the observer CTF in the
correct manner and with the correct axes tranaformations to produce a

quantity that will iinearly correlate with performance,

[
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&' The MIFA is calculated using modulation contrast on one axis and {3{5
linear spatial fraequency on ﬁhl other. Both of these quantities are
probably nonlinear with respact to vision. Typically, quantities such

as modulation contrast and spatial frequency follow what is called a
Weber Law (Cornaweet, 1970, pp. 83, 84), The Weber Law states that a

test stimulus must change by a certain percentage of thae reference
stimulus in order for the subject to distinguish butween the test stimulus
and the reference stimulus. Studies have shown that this law holds for
simple luminance targets (Cornsweet and Pinsker, 1965) and for spatial
frequency discrimination ability (Campbell, Nachmias, und Jukes,

1970) . Evidence from Carlson and Cohan (1978) indicates that this is

alec trus for the contrast of sine-wave targets. In light of this

information, one would not expect the MTFA to be linear with respect to

visual stimulation and, thezefors, to visual performance. By taking the

% logarithm of the MTFA, it may be possible to partially compenmate for the
. fact that the MIFA axes do not reflect the Weber Law. Therefore, it is X
probable that thc:MTFA will not correlate as well with visual performance

as the log MTFA. Thim was the result demonstrated by Snyder (1974a).

-§ Gray Shade Frequency Product ) v

This measure was proposed in an attempt to linearize the

modulation contrast axis of the MTFA FOM. If the human visual system

reacts logarithmically to luminance levels (Cornsweet and Pinsker,
13965), then it is possible to determine the number of detectable

luminance levels that are represented by a particular modulation

| "




k]

contrast, Using this type of transformation (described in Chapter 2),
it is possible to covert modulation contrast into gray shadea. The

conversion uses v2 as a criterion for defining & gray shade. Thia ia

5 an "engineering" definition of gray shade and does not rapresent a true

JND of luminance. Howavar, the rasulting transformation ia prmportionui

to what would be obtained if a different JND.level ware chosen.

This transformation should improve correlations with performance
(over MTFA) only if the luminance level capability of tﬁc éiupluy is the
characteristic important to vision. The effect of thia trann(ornnc;on
{ . is to weight the higher contrast levels more heavily than lower contrast
3 levels, as can be seen by the graph in Fig. 2.6, Howaver, if contrast

is the Lmportant parameter with respect to vision (which sesms more

likely), then the Weber Law indicates that the transformation should ue
‘ﬁ' the logorithm of contrast. This type of transformation weights the .
lower contrast levels more heavily than the higher contrast levels. !

Since it is necessary to linearize both axes with respect to
vision, the GFP=log 18 an attempt to linearize both the contrast axia

and the spatial frequency axis. The problem with converting the spatial

|
I

i frequency axis (or the contrast axia) to a logorithm before integrating l i
3 r

- _,
T S _"--'._; Lz

i the area is that the lower limits of integration are no longer eamily \

N definad, Therefore, mome arbitrary low spatial frequency cutoff must
be used, Since this low fraquency cutoff can have a large effect on

the FOM value, it is difficult to determinn £ priori what im optimum.

For the GFP-log the value was chosen to be one cycls per degres as a

convenient, relatively low, cutoff value,

" y
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Subjective Quality Factor

The SQF does not incorporats any transformation on the contrast
axis, It does transform the wpitial fruQunnéy axis to natural logarithm
and limits the integration to +he central area of the visual contrast
sensitivity function. The linits of integration ars frem ln 3 to In 12
whare the 3 and 12 are in units of cycles per degres. The logarithm
transformation makes sense from the standpoint of the Webar Law and the
limits of integration are a rough acknowladgment of the contrast |
thrashold function, It should ba noted that it might ba posaible ta
improve the log MTFA FOM (or othars) by selecting an appropriate spatial

fraquency bandpass as was done for the SQF,

Integratad Contrast Senmitivity

The SQF is a special cawe (and approximation) of the ICS. The
main differance between the ICS and the MTFA is their relative sensitivity
to changes in the CTF, van Meotcr.ﬁ (1973) argued that the MTFA valua
would change negligibly if the CTF were raised (due to noise or some
similar factor) from 0,01 te 0,10, Howaver, the ICS would change
considarably since the CTF 1is divided into the display MIF instead of
baing subtracted, It remains to ba seen whether ot not this difference
in sensitivity to changes in the CTF improves correlation with

parformance.

1




. Tha JNDA is defined as the area under the MIF aftar it has been trans-

Just=Noticeabls Diffaerence Area

This FOM is proposad in this dissertation as a possible means of
linearising the contrast axis of the NTFA FOM. The basis for the JNDA »
ia the work done by Carlson and Cohen (1978) on detectable diffarence

diagrams (DDD's)., Figure 2.7 in Chapter 2 showed an example of a DDD.

formed iato JND levels using the DDD. If vision responds primarily to

conirast levels, then this transformation is more appropriate than the
GFP. Note that the effect of the JND transformation is to wuight the
lower contrast levels more heavily than the higher contrast levals.
Figure 3.3 shows the JND data of the DDD of Fig., 2.7 regraphed as a

function of modulation contraat.

Just=-Noricoable Diffarence Area-Log
‘“his FOM i» proposed in an offort to transform both axes of the
area~-type FOM to quantities that are theoretically linear with respect
to viaion based on fundamental vision studiea, The JIJNDA-log is the same
as the JNDA axcept ithe integration of the area is with respect to the
log of the spatial frequency as indicated by the Webar Law, Ths lower
limit of integration is arbitrarily set at log 1/2 cpd as the lovest

frequency measured by Carlson and Cohen (1978) and shown in the DDD of

Fis- 2.7,
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Information Density

Information theory provides a theoretical structure for such
technical areas as computers and data transmission. Many studies have
investigated human decision processes and thought processes in terms of
information theory (Fitts, 1954; Sparling, 1960). Howaver, all of thase
have been extremely simple when compared to the problem of quantitatively

determining the useful or required information contlnt of a pictorial

, image., The information density approach suggested by Schindlaer (1976),

described in Chapter 2, doas not consider the charactearistica of the

" human visual system. It is a measure only of the display system. As

..nuch it roughly corresponds to the capability of a display system to

presant detail. 1t im possible to increase the information density

;‘(dmount of detail) to a point whers an observer can n¢ lonpger resolve

the detail due to vision limitations. Thus, a point is reached at which
performance can no longer improve due to vision limits, but the infor-
mation density metric can increase further as detall is increased. This
is not a desiruble characteristic of an FOM.

The modified varsion of information density presanted in
Chapter 2 does not have thie shortcoming. The JND levels approach saro
as the angular spatial frequency reaches vision limits. Therefore, the
modified infnrmation density shows promise in terms of a maximum upper
1imic that corresponds to the vision limit. However, there is no funda-

mental reason why one would expect the information density transformation

of the modulation contrast axis to correlate wall with performancae.
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It 1is very difficult to predict which of the FOM's discussed
herein is best in terms of correlating with performance. The literature I il
?? ! search did not provide any studies that had baen done which compared more

than two or three FOM's, Almost all studies wers concerned with dater~ i

mining the effact of saveral diasplay purimotorl on a single FOM and how

the results correlated with performance. The following chaptars will

:
|
f
;i
,i g quantitatively compars all of the previously described FOM's in terms of
: thelir correlation with performance for the same experimernta. This i

b g the first known attempt to critically compare several FOM's for the

identical experimantal conditions.
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e ' CHAPTER 4
3 :

EXPERIMENTAL COMPARISON OF FOM'S FOR TARGET
DETECTION AND TARGET RECOGNITION TASKS

The experiment described in this chapter was undertaken to l

M R SO

provide a common basis of empirically comparing all of the previouasly

described FOM's,

Two experiments were conducted simultaneously: one a

[P )

target recognition task and the other a target detection task. It was

expected that the target recognition task would provide better correla-

tions with the FOM's than the target detection task due to the increased

e T L e

variability of the target detection task.

Method

b
Subjects

>
e

Seventy-two subjects were used in the study (36 males) with ages
ranging\from 18 to 30 years, Al)l subjects were prescreened for corrected

or uncorrected 20/20 vigual aculty, using the Armed Forces Vision f

Tester,

T
Apparatus

Two sets of equipment weve used: one set to generate the appro~

priate display condition, and the other to adjust and measure the display

characteristics (Task and Vercna, 1976).
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Figure 4.1 shows a picture of the apparatus used to generate the
stimulus material, The primary source of imagery was recorded on black
and white 16mm motion picturoliilm and converted to video format using
the apparatus of F13.>4.i, The f1lm was run at 24 frames per second.
All cxpcrimantil conditions were obtained uaing a etandard 525 line,

60 He field rate display with 2:1 fnterluce of fields. The television
monitor shown in the equipment rack of Fig, 4.1 was used by the experi-
menter to score the subject's responses., This monitor was not visible
to the subject, The experimenter had control of an electronic cross
hair which was displayed on this monitor. The cross hair was used to
measure the diagonal of the target at recognition for the target
racognition task, and the position of the target on the dcreen for the
target detection task, The diagonal size of the target was converted to
the angle subtended by the target at recognition for the recognition
task., For the target detection task the position of the target on the
display was converted to slant range at detection. The slant range to
the target ig defined as the diract distance from the sensor to the
target. The term slant range is used to differentiate it from ground
range, which is the distance from the target to a point on the ground
directly hbelow the sensor (aircraft). These calculations are described
in Appendix A. The subtended angle of the target at recognition and the
slant range to the target at detection served as the dependent variables
for the target recognition task and the target detection task, reaspectively.

The dieplay quality conditions for this atudy were obtained
using all combinations of three levela of contrast ratio and three vidao

q

D e e etpacen e e et e et e v et et T AN i 3 s o b

S et s

: Ll e S N et g 1o




g
|
1
i
{
Fig. 4.1, Equipment used to gensrate the video stimulus material ;
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bandwidtha for a total of nine conditions. The contrast ratio is defined
as the ratio of the maximum display luminance to the minimum display
luminanca., The contrast ratio levals were obtained by adjusting the
brightness and contrast controls of the subjects' monitor, and. the band-
widths were obtained using a paussive, loﬁ pass, variable filter,

Figure 4,2 gshows tha resulting display system MTF's determined for these
nine conditions.

'The display system MTF's were calculatad by multiplying together
the measured MIF's of the film, the television camera, and the telavision
monjtor, It should be noted that the system MTF's calculated in this
fashion represent an approximation to the actual system response. In a
rigorous mathematical sense, tha MI'F is not defined for any of thaese
three components (film, camera, and display) since each of these is
nonlinear., Howaver, the concept of a transfer function is sufficiently
useful to warrant its use even when a4 aystem departs somewhat from
linearity. This departure means that a sine-wave pattern output will
not be obtained {f a sine-wave pattern ius provided as an {nput to a
nonlinear system. If the nonlinearity {is relatively small and wall
bahaved (gradual curvature), the output still bears a reasonable
resemblance to a sine-wave pattern. Thus the transfer function ims not
really an MTF but it serves the same function,

A problem can arise i{f one attempts to multiply a number of
these '"nonlinear MTF's" together without raegard to the severity or

divection of the nonlinearities. In the case of the TV camera and the

monitor, the nonlinearity {or gamma) is in the opposite direction with

e e e e e i ——E




respect to each other. In fact, the coupling of the camera and monitor
almost perfectly compensates for the nonlinearity, resulting in an £
almost linear camera/display system. The film gamma was measured to be
approximately one by the organization that processed and printed the

film, Thus the display system was close to linear. i‘

To insure that minimum error was introduced by multiplying the
TV camera and monitor MTF's together, a short experiment was done. The
camera/monitor system square-wave response was measured directly using
a sat of square-wave targets and a scanning photometer. This was con- i
verted to a sine-wave response, then comparaed to thea MTF that was
obtained by multiplying the camera MTF times the dieplay MTF. The two
curves vers close, indicating that a relatively small error resulted
from the MTF component multiplication method; thus justifying this Q
approach for the system umed. Figure 4.3 showsa these two curves,

The f£ilm MTF was determined by making microdensitometer scans of
high contrast edges and converting these data to an MTF using Fourier
techniques. The actual microdensitometer scans and MTF calculations were
done by the Dynamics and Environmental Evaluation Branch, Reconnaissance
and Weapon Delivery Division of the Air Force Avionics Laboratory at
Wright~Patterson Alr Force Base, Ohio., The resulting MTF was sufficiently
tlose to Gaussian in shape that a Gausaian approximation to the MIF was
used for convenience of calculations. The technique used for calculating

the MTF from an edge acan can be found in Gaskill (1978). The camera

®
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Fig., 4,3, Comparisnn betwsen a system MIF calculated by

multiplying the comporent MTF's together and a
aystem MIF measured directly

The solfid line was obtained by multiplying the directly
maasured television display MTF times the television camera
MTF., The TV camera MIF was determined by directly measuring
the square~wave amplitude response and converting it to a
sine-wave reaponse. The dotted line was obtajned by
measuring the total system square-wave response and then
converting 1t to a sine-wave response.
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MIF was maasured by observing the electronic signal amplitude output, on

an oscilloscops, as a function of the apatial fraquancy of square~wave

targets imaged onto the phato surface. This squars-wave response wis

then convaerted to a sina-wava response (Brown, Collinas, and Hawkins,

1969). The television display was messured using a signal generator

which produced a sine-wave electronic sigral in video format. This

signal was adjusted to have the same maximum and minimum signal levals

s the television camera. The signal was input to tha television

monitor, and the resulting sine-wave pattern on the display was scanned
using a telephotomater with a slit aperture as shown in Fig. 4.4. By
repsating this procedure as a function of spatial frequency, tha MIF of

the talevision display was measured. The product of these was then

calculated for each of the nine display conditions to datermine the
overall MIF of the dieplay system for each condition. '
The three lavels of bandwidth used were 6 Milz, 1.C Miz, and

0.4 MHz (measured at the 3 AB point) and the three contrast ratic levels

were 50:1, 50:5 and 50:15, The contrast ratio numbers rapresent the

maximum and minimum dieplay luminance values (in foot-Lamberts) for a
low spatial frequancy (8 cycles/display width) square-wave pattern,

Appendix B provides a list of the equipment usad, the model

numbers and the manufacturers.

Stimulus Material

The 16mm motion picture film used for the target racognition

task was produced in the following wmanner,

Eight inch by ten inch black
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y Fig, 4.3, Telephotometer with slit aperture to ; B
B measure MIF of the television mouitor .
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Fig. 4.4 The mix vehicle targets used for the target recopnition atudy
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and white prints were made of six models of vehicle targets (see

Fig. 4.5). Each of the targets was photographad in each of four K

orientations for a total of 24 target conditions. The targets were! A

covered truck, uncovared truck, M-60 tank, Sherman tank. mobile cannon I ‘ ﬁ

and half-track, Each of the 8 x 10 prints was affixed to the center of

a large gray backdrop., A l6mm motion picture camera with a motorized

zoom lans was then used to make a "zoom=in" film of the target., The ; 'ﬁ
zoom sequence was about 20 seconds in duration for a 10 to 1 magnifica- :

tion change. This zoom sequence was done for each of the 24 targeat

situations, When prasented to the subject, the target first appearad in

the center of the display for 2 to 3 seconds, then slowly increased in
size until the subject could recognize which of the six targets it was.
For the target detection task the lémm film imagery consisted of
"£lights" over a terrain board at simulated altitudes of 1000 and 2000 S
faet. The targets were prebriefad bridges and POL (petroleum, oil, |
and lubricant) storage tanks, Figure 4,6 shows a bridge target and
Fig. 4.7 shows a POL target at relativaly close range. A total of 40

"flightse" over targets were presented to each subject. S

Procedure
Each morning before subjects arrived and each afternoon after
subjects were run, the MTF of the display monitor was measured and the
signal levels from the television camera were recorded, This insured

that the display quality remained conatant for the duration of each

experimental display condition,




T
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Fig. 4.6, POL (petroleum, ofl, lubricant) '
' target used in target detection study
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Subjects were checked for 20/20 vision and given written
instructions explaining tholr task., Any questions ware then anawered by
the experimenter. Briefing materials included photographs of the targets
and, for the target recognition task, the target models. Subjacts were
trained so that they could respond rapidly with the correct name of each
of the six targeta., All subjectna completud the target recognition study
first., They ware then instructed about the target detection study and
complated that second, A break period was provided betwean the two
atudien and at the mldpoint of each study,

For the target recopnition study, the target appeared in the
center of the display and grew in size until the swubjeot wam "virtually
cortaln" of the name of the target., At thla point the subject pressed
# handheld button, Thim action stopped the L6mm film projector aud
blanked the diasplay to prevent the subject from further utudying the
target, The blanked mcreen was set to have approximately the same
averaga lumlinance as the displayed imagery to prevent changes in oye
luminance adaptation level, Immediately after Lhe subject preused the
button he responded with thae target name. The experimenter, vbaerving
his monitor, recorded the response and measured the diagonal of the
target, This snquence was than'repuuted for the next target, Thoe 24
targets were presdented in a random order and were shown to wach subject
twice for a total of 48 target runs.

The procedure for the target datection task waw slightly
different. Subjects were told before each target cun which target they
were searching for: bridge or POL. The target was not fﬁltia]ly visible
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on the display. As the "flight" progressed the target would appear on

the display. The “flight" paths were arvanged so that the target would

e e S Sl T - U ey R g e o g

f‘ appear on the center lina of travel, off to the left or off to the

right. When the subject datected the target he pressad the handheld

button which immediately stopped the 16mm projector, The display was

‘2 not blanked but vemained on so that the subject could point to the
location of the target, The exparimenter then used tha electronic
cross halr to determine the X, y coordinates of the target on the scraen, C oy
These data were the: used to calculate the simulated slant range to the |

3, target at detection (see Appendix A).

The entira procedura for both studies, including rest breaks,

raquired approximately thraa hours per subject,

Rasults l i

R B At it

Table 3 summarizes the results of the target racognition study.

Tabla 3, Mean angle subtended by the target at recognition (in

&{ % degrees) for the target recognition study
ek -
s } Contrast ratio Bandwidth T
’ 6 MHz 1.0 MHz 0,4 MHz :
5011 1.5 deg 2.4 deg 3.4 deg e
(]
50:15 1.9 deg 2.2 deg 3.9 deg

. y
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Each number listed in Table 3 represents the avarage of approximately
384 data points (eight subjects per condition times 48 target rums per
subject), Some data points ware missing dua to subject errors in
identifying the targats. These points wers replaced with the average

value for the display condition in which they occurred. Table &4 shows a

summary of the analysis of variance done on the target recugnition )

performance results. It is apparent from this table that bandwidth had
a much greater effect on pexformance than contrast ratio., Table 5
shows tha average parcent corvact responses for each of the nine display

; conditions. The parcent correct response was approximataly the same

for all conditions with the axception of two of the lowest quality !

conditionst 30¢5 and 50115 at 0.4 MHe bLandwidth. The instructions to

Pt S

the subject wers intendad to motivate the subject to recognize the targat

as soon as possible but wirh a minimum error., The subject was inastructed

to respond aa soon as he was "virtually certain" of the corractness of
his response, In previocus studies (Martin et al,, 1976) this provided ;

a satisfactorily low error rate and reasonably uniform percent corraect

response rates across the experimental conditions, With the exceptions

noted above, this technique appearad to work reasonably well for this

target recognition atudy, The performance analysis is basad on the o,
angle subtended by the target at recognition 28 the performance variable !
of interast. Tabla 6 is a sumnary of the analysis of variance performed

on the percent correct response data.
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Table 4. Analysis of variance summary for the target recognition
performance task

Source Ss DF MS F P
Contrast ratio 1.1291 2 0.5645 3.1 0.05
Bandwidth 50.9949 2 25,4973 140.4 <0,001
AxB 1.2917 4 0.3229 1.8 0.14
Within cell 11,4362 63 0.1815

Total (check) 64.8519 7l 0.9134

*A summary of the analysis of variance is provided for each
parformance task. The format for each of these is the same as that shown
in Table 4. Tha SOURCE column of Table 4 indicates the item analyzed in
edch row., 8585 stande for sum of squares, DF for degrees of freadom, MS
for mean square, F is the F-test number, and the p is the probability
associated with accepting the null hypothesis (i.e., no difference in
parformance due to changes in the variable shown in the SOURCE column).
A x B {e the interaction of contrast ratio and bandwidth, 7The within
cell SS value indicates the amount of unaccounted for variance. The
total S5 value was calculated independently of the other 58S values as 4
check; the total value should be the same as the sum of the other S8
values,
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Table 5. Percent correct responss for the nine display conditions of
the target vecognition task

Bandwidth
Contrast ratio
6 MHz 1.0 MHz 0.4 MHz
50:1 90.4 89.1 88.8
50:5 90.4 90.6 82.0
50:15 93.2 89.8 79.4

Table 6., Analysis of variance summary for the percent correct responge
data of the target recognition study

Source ss DF MS F P
Contrast ratio 61.4444 2 30.7222 0.7745 0.465
Bandwidth 798.7778 2 399,3889 10.0686 <0,001
AxB 370.5556 4 92.6389 2.3354 0.065
Within cell 2499,0000 63 39.6667

Total (check) 3729.7778 71 52,5321

Table 7 shows the calculated values of the different FOM's for
the nine display conditions. The values of the performance variable
were correlated with the calculated values of each FOM for each condition,

Table 8 shows the correlation betwaen performance and the various FOM's.

Appendix C contains the graphs of these correlations,
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Table 7. Calculated FOM values for the nine display conditions

| Contrast | Contrast | Contrast | Theoret-
Ratio Ratio Ratio ical
1 50:1 1 50:5 | 50:15 { Max.
Jandwidth 6.0 1.0 0.4 6.0 1.0 0.4 6.0 1.0 0.4 -
(M) .
l. 83.1 25.9 19.6 S8%.7 22,1 14.0 23,7 10.2 5.4 -
Lin Ras 14,8 8.25 8.2%5 15.56 9.00 9.7) 15.46 10.80 6.42 61.0
Log Lim 1.17 0.92 0.92 1..19 0.9% 0.9 1.1%9 1,03 0.8 1.78
Res
FOM 8.7, 7.90 5.63 4.2% 8.40 S5.78 5,09 7.80 53,73 3,36 11,23
Res
Log 8.T. 0.90 0.78 0.63 0.92 0.76 0.71 0.89 0,76 0.5 1.08
Ras
gy 4446 2,11 1.47 4.9 2,07 1.39 3,22 1.48 0,73 40.76
Log MTYA 0.647 0.34 0,167 0.695 0.316 0.143 0.%8 0.170 =0,137 1.610
Gre 31.2 15.6 11.8 32,9 136 9.3  19.4 9.0 4.7 -
Gre- 3.58 1,77 1.03 3,73 1.76 0.9% 2.153 1.20 0.41 -
Log
sqr 0.190 0,038 0.010 0.2) 0.046 0,019 0.148 0,038 0.004 0.602
Bandwidth 6.0 1.0 0.4 6,0 1.0 0.4 6,0 1.0 004 -
(Miix)
ICS 1451 743 524 1618 727 491 1049 321 263 4637
JNDA 334 179 113 365 190 141 310 172 56 868
Log 2,52 2.,2% 2,06 2.,% 2,28 2,15 2.49 2,23 1.7% 2.9
JRDA
Info Dens 46.9 24.5 12.6 %0.6 25.4 22,5 48,2 24,7 1r.v 1ll1.9
log Info 1.67 1,3% 1,10 1,70 1,40 1,3% 1.68 1.39 1.28 2.049
Dens
§
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Tuble 7. Continued
| Contrast ! Contrust I Gontrast "fﬁowu-
Ratio Ratio Ratio ical
. | 3011 [ 30:3 | 0118 - IMax.
mx.:- 344 418 33,8 35,4 ALY 3.9 A7 A 248 74
]
1/2 epd .
JNDA- 4.0 12.8 6.8 25.7 1) 9.0 21.6 12.¢6 4,9 AL,0
Log . \
2 opd '
Log 0.58 0.30 0.1 0,61 0,29 0.11 0.39 0.12 «0.18 . 0.9
SSMTFA
Lag 0.35 =0.23 -0.78 0.42 «0,17 =0,66 0,20 =3.38 =1,28 0.86
BLMTFA ‘

haa
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Table 8. Correlations of performance with the FOM's for the target
recognition study

FOM Correlation FOM ) c°trclttibn

Ng -0.726 sQF S -0.781
Lim Ros -0.764 s -0.818
Log Lim Res -0.776 JNDA . =0.876
5.7, Rea 0,888 Log JNDA | =0.906
Log S.T. Res -0.907 Info Deus o -0.79¢
MT¥A ~0,811 Log Ipfo Dons =0,820 |
Log MTFA -0,878 JNDA=Log (1/2 cpd) =0,937
GFP -0.781 JNDA=Log (2cpd) -0.896
CPP=log ~0,847 |

After inspecting the graphs of the correlations and comparing the
reoults with the MIF's of the nine display conditions, it bacane evident
that higher correlations may be obtained by calculating the MIFA for a
limited spatial frequency band, The arguments for doiug this are similar
to those that led to the band limit for the SQF FOM. Two variations of
the MTFA were tried. One variation involved changing the upper spatisl
frequency limit of the MTFA to the sine-wave/square-wave Jdiscrimination
curve instuad of using the sine-wave threshold cutrve, This eliminates

the area of the MTFA associated with the higher visual wspatial

frequencies. Since the sine=wave threshold used for the MIFA calculations

represanted a 50 percent detection probabiiity, it can be argued thuat the
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MTFA nesreat this curve contributed relatively iittle to the visual
{nformation assimilatad by the subject. The sins=wave/square-wave
discrimination curve provides ¢ convanient,'moin cunsarvative upper

'

limit on the spatial frequancine useful for the transfar of visual
The second variation included the above mudification and also
removed the vary iow spatial frequency po;cion of tha MITA. The SQF uses

3 cpd as the lower cutoff., Since the peak seneitivity of the visual

. gvatem is somewhere between 3 cpd and 6 cod, it was dec.ded to iower the

curoff to 2 epd to fusure that those spatial frequencies associated with

" peak visual senwitivity were included,

The firﬁv varlation is denvted the SSMTFA, indicating that it is
caleulated using the sine-wave/square~wave diserimination curve as an
upper limic; and the second varlation {s denoted as the BLMTFA for btand
1imitsad MTFA, Table 9 shows the correlations of the logarithms cf these
new FOM's with performance for the target recognition study.

Table 9, Cotrelation between the modified MIFA FOM's and target
recognition performance

AR LRI SRS T W G0l SARTER LRGN W TR LS WD R A

FOM Correlation

Log SSMTFA -0.859

Log BLMTFA -0.948
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The log BLMIFA produces an excaellent correlation with perforumance.

However, one muat be careful when seerching for quantities that correlate

well wiéh performence after the experimant is completed. Given enough

" degrees of freedom in creating an FOM, it is possible to achieve a perfect
1 ..' . unity correlation with performance for a parcicular iot of data. The

A real test of these modified MTITA FOM'a is in the later sections of this

! s dissertation where they are compared to performancc data obtained

indepandently from this target racognition study.

The target detection study performance analysis was limited to 3

the slant range at which the POL targets were detected. The data for the Vi

RTIRY I e o A

bridge targets contained tvo many missed targetu to use slant range as a

performance variable. The POL target runs wvere divided into two groups! .

thosa at lOU0 feet altitude and thosn at 2000 feet. This was necessary

because of the lurge differences in slant range for thede twoe conditions.

Tatle 10 shows a summary of the elant range performance for the nine

et R TR Fantin? 2

display conditiona and two altitudes.

o

RSN

1000 feet and 2000 feet altitude, respectively.

]
t
i
1
}
Tables 11 and 12 show the unulysls of varfance summary for the {
|
!
[}

s
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Table 10. Blant range (in feet) at detection for POL targets for the

nine display conditions

Contrast Ratio Bandwidch

1000 ft alt

2000 fc alt

6 MHz
30:1 1.0
0.4

6998 £t
6486

5896

12,314 £t
11,408
9986

12,130
12,302
10,888

11,886
11,680
10,299

—_————
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Table 11. Analysis of variance summary for the targat detection
slant range data at 1000 feet altitude

Source 88 DF M8 F P
Contrast ratio 1,162,468 2 581,234 4.5 . 014
Bandwidth 8,399,907 2 4,199,954 32.7 <,001
Axh 742,405 4 185,601 1.4 228
Within cell 8,086,816 63 128,362 ’
Total 18,391,596 71

Table 12. Analysis of variance summary for the target detection
slant range data at 2000 feet altitude

Source S8 DF MS F P
Contraat ratio 4,215,100 2 2,107,550 3.5 .035
Bandwidth 40,235,942 2 20,117,971 33,3 <.001
AxB 3,238,285 4 809,571 1.3 264
Within cell 38,010,488 63 603,341
Total 85,699,812 71
L}
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Using the slant range as the performance variable, correlations

%
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were calculated for the 19 FOM'a for both 1000 and 2000 feet, Table 13
shows these results. The correlation graphs sre contained in Appendix C,
Note that the correlations in Table 6 are negative and the

correlations of Table 13 are positive. This occurs because, for the

target recognition study of Table 8, the smaller the target, the

better the performance, whereas, for the target detection study, longer

slant ranges represent better performance.

- Discussion

Tables 8, 9, and 13 summarize the main results of these target

j i recognition and target detection studies. All of the FOM's investi-

gatad corralated reasonably well with performance for all three task

conditions. Correlations ranged from a high of |r| = 0.948 to a low

o

of |r| = 0,618, Table 14 indicates the rank order of the performance

= S

g | correlation for each of the 19 FOM's for the three tasks. 1t should be '
noted that the three observer tasks are not independent in the mense
3 that the nine display conditions for all thrae were identical. Even

with this cautionary note, the consistency of the rank ordering of the

FOM's across the three tasks ls surprising. L

"
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Table 13. Correlations of FOM's with POL target detaction performance

FOM 1000 ft alt 2000 ft alt
Ne 0.761 0.618
Lim Res 0.778 0.695
Log Lim Res 0.795 0.709
S.T. Res 0.900 0.834
Log S.T. Res 0.923 0.864
MTFA 0.829 0.717
Log MTFA 0.866 0.777
GFP 0.798 0.670
GFP-=Log 0.869 0.760
SQF 0.803 0.702
Ics 0.837 0.724
JNDA 0.880 0.802
Log JNDA 0.902 0.838
Info Dens 0.824 0.766
Log Info Dens 0.880 0.842
JNDA-Log (1/2 cpd) 0.928 0.853
JNDA-Log (2 cpd) 0.902 0.835
Log SSMTFA 0.857 0.762
Log BLMTFA 0,931 0.878




Table 14, FOM'a rank ordared according to their correlation with Y
3 parformance for the target recognition task and the two ‘
] target detection conditiona ‘

;\ FOM Target Recognition POL 1000 ft POL 2000 ft - '
; ' Log BLMTFA 1 1 1 ‘
" JNDA=Log (1/2 cpd) 2 2 3
4 Log S5.T. Res 3 3 2
k Log JNDA 4 4 5 o
‘. JNDA-Log (2 cpd) 5 5 6

S.T. Res 6 6 7 t :

Log MTFA ? 10 9 i

JNDA 8 8 8 g'

Log SSMIFA 9 11 11 E

GFP-Log 10 9 12 1

Log Info Dens 11 7 4 k

ICS 12 12 13 j

MTFA 13 12 14 g

Info Dens 14 14 10 ?

Log Lim Res 13 17 15

SQF 16 18 16 o,

GFP 17 16 18 l

l.im Res 18 18 17 |

|
|
|
i
;
!

Ne 19 19 19
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It is «pparent from the ralatively poor showing of the limiting

resolution that thio quantity doas not serve well as a display system
FOM., Limiting resolution might be a reasonable parameter to use in
conjunction with other parameters to roughly describe & television
display system, but it does not provide s very good means of indicating

overall display imags quality. The aquivalent bandpass of 8chade aleo

falls in this category, based on its rank order in Table 14,

The log BLMIFA ranked highest for all thras obaerver tasks,
followed closely by the JNDA-log (1/2 cpd)., It is impoasidble to declare
:?f either of thase aw clearly suparior to the othar since their correla~

tions with performance are soc close. It is intervesting that both are

\ area~type measures, although ths next ranked FOM is the log suprathras=-

i hold resolution which is not an area-type measure,

=

The failure of the gray~shadae transformation to improve the

aresa~type FOM over the MTFA and the JNDA indicates that the gray-shade

concept is not appropriate as a useful display dascribing paramater,

— v MR T

The work on DDD's by Carlson and Cohan (1978) and the results shown in
Table 14 provide a strong indication that the gray-shade capability of

& display system im not a characteristic that relates well to

performance.

Ll
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CHAPTER § (
APPLICATION OF FIGURES OF MERIT TO A PREVIOUS DISPLAY §TUDY

The problem with applying FOM's to a praviously completed study
is co obtain sufficient information concerning the display conditions to
calculate the value of the FOM's., Since the author was involved with
the study done by Martin et al. (1976), sufficient data wers available
to calculate the FOM's,

The purpose of the wxperiment was to determine the effect of
element density (number of display slemants per degree visual angle)
and active~=to-totalvarea ratios on target recognition performanaa. Tha
same 16mm motion plcture imagery described in Chapter 4 was projectad
onto a reer projection screen for viewing by the subjects. In the pilot
study, six viewing distances were usad corresponding to aix different
display element density levels. The different active-to-total-area

ratios wera simulated by placing a grid mask over the reavr projection

screen, The line width of the grid mask was varied to achieve four j
values of active-to~total-area ratiocs. The resuits indicated no o Vi)
performance differences due tu active-to~total-aresa ratios so the _ i
viewing distance data presented uin this chapter is an average across i

this parameter, |

=
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: The eix viewing distances correspond to six angular MIF's at the
& : displayed image. Figure 5.1 shows thesa six angular NTF'a graphed with

. the nine display system MIF's of Chapter 4 for comparison. The two

- ‘ vinual threshold curves of Campbell and Robson (1968) described pravi-

3 ; ously are also shown. 3
‘.
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‘S Fig, 5.1. The six angular MTF's (right) corresponding to the six ? |
A viewing distances of the film display study ‘ ;
- | \
‘ \ The nine MIF'a of the study described in Chapter 4 (laeft) ’ v
i and the two visual threshold curves of Campbell and : !
. Y { Robson (1968) are shown for refarencs. !
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The subjects for this experiment were trained for several weeks
, prior to participating in the experiment. All lubjoctl'wnrn brought to
an asymptotic level of performance to preclude learning effacts. All

.eonditions were prasented to all subjects. Tuble 15 shows a summary of

IR T e G LR

the performance results cf the study. The performance variable vas

the same as that used for the study of Chapter 4, nomely, the angls

s T s e i i SRS

|
|
|
i
N |
5 i subtended by the target at reccgnition. An analyais of variance was not :
? { published for these data in the report from which thay were obtainaed.
) o
e
,% : Table 15. Target recognition performancs for different viewing i @
b distances ! g
;; \ Viewing Distance Angle Subteuded by the Target ; 5
| (neters) at Recognition (deg) P
& i
- 4.37 0.230 g
" 2.9 0.217
2,18 0.231 é
1.46 0.239 ' .%
: 1.09 0.277 | |

0.73 0.318 L
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Table 16 shows the calculated value of the FOM's for the six

viewing distances of this experiment. The Gaussian film MIF's shown in

that these MIF's only approximate the actual display MIF for this study.

|
I
!
|
E Tigure 5.1 were used to calculate the FOM values, It should Le noted ]
!
}
l
!

: Stray light and ambient room {lluminance would tend to lower the MIF
at the lover ipatial frequencies. This display was not available to h

measure the actual MIF as it was projected. This approximation (using

4 the Gaussian film MIF to Le the same as the projected display MTF) ia

reasonable for all of the FOM's except one. The valus of the GFP is
b very senaitive to small changes in the modulation leval at high . f
modulation levels., Since there 1s an uncertainty as to the axact |
_it upper modulation level of the projected image, it was decided to eliminatae ' ﬂ
3 ; the GFP calculation from the list of FOM's for this study.
| Table 13 ghows the correlation between tha FOM values and the f
E performance variable of this study.

The most startling aspect of Table 17 i4 that almost all of the

:
.ﬁ % FOM's correlate aighly (0.90 or better) with performance. In this

! respect the information in Table 17 does not provide any further insight
| into the question of which FOM is the beat correlate of performance. ;
However, the two FOM's that were ranked highest in Chapter &4 correlated ? ..
very highly with performance (-0.977 and -0.983), indicating that these

two ere atill the most promising FOM's,

i\'
\ [ »1
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Table 16, Calculated values of 18 FOM's for the six display viewing

dietances
Viewing Distunce (Meters) Lo I if:gre:-
4,37 2.91 2,18 = 1,46 - 1.09 0;73  | Max
N.* . 67.5 44.6 _ 33.7 22,5 17.0 11.3 ®
Lim Res 51 45 AR T N Y !
Log . 171 1.65  1.61  1.56 1,49 1.43 1.78
Lim Res ' ' C
S.T. Res 11,1 1.0 11.0 10.8 10.6 10.2 11.25
' Log C1,045 1.041 1,041 1.633 1.02% 1.009 1.051
8.T+ Res .
MTFA - 35.0 3l1.8 28.8 23.8 20,1 14.9 40,8
1‘08 1-55 1050 1046 1038 1.30 1-17 1.61
MTFA
GFP~- 29.2 25.3 22.6 18.9 16.4 13.1 o
Log
SQF 0.5995 0.5964 0.5920 0.5799 0.5635 0.5207 0.602
ICS 4381 4332 4272 4124 3951 3566 4637
JNDA 8458 845 827 782 737 642 867
Log 2.927 2.927 2.918 2.893 n,867 2.808 2.938
JNDA
Info Dens 111.0 ill.o 110.2 107.3 104.8 94.1 111.9
Log Info 2,045 2.045 2.042 2.033 2.020 1.974 2.049
Dens
JNDA~-Log 73.72 13.72 73.42 72.51 71.61 69.50 74.32
1/2 cpd

L e — e e
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'?{ Table 16. Continued
3 } Viewing Distan:e (Matere) ! Ig:;tat'
= 4,37 2,91 2,13 1.46 1,09 0.73 | Max
X Log 0.961  0.958  0.955  0.947 0,936  0.907  0.966
. SSMIFA '
H Log .
2 BLMIFA - 0,854  0.850 0,846 0,835 0.821 0.783  0.862
v .
} -
| * :
L In the original definition of N _, there would be no change in this
i ﬁ parametar due to viewing distange of the obearver since the measure
3 was 4 characteristic of the display only. The values shown here were
E L obtalned by converting the linear equivalent bandpass spatilal
-f-g frequency to an angular spatial frequency equivalent bawdpass valus,
.j ) "Thege valuas do change with obaserver viewing disvance,
b
)
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utf Table 17. Correlations batwesn the FOM's and targat recognition
1 . performance for the film study of Martin et al. (1976)

” i
¥ | M ) Correlatior 2
‘l. l:.:‘ J - 'j

! Log BLMTFA ~0.977
i .

Pt ] y : ~ JNDA=Log (1/2 cpd) ' -0.983
4 !

X i

Log §.T. Rey ~0.969
‘Log JNDA | -0.984 1
INDA-Log (2 epd) -0.983 !
S.T. Res -0.973 :
Log MTFA -0,950
JNDA -0.983
Log SSMTFA ~0,978

GFP-Log =-0,858

2

p Log Info Dens -0.971 :

18 -0.978 l
MIFA -0.912

?; Into Dens -0.974 i
'- Log Lim Res -0.885 ?E
3 SqF ~0.979

GFP - b
Lim Res -0.851

Ne -0.729 L

g, " ‘
; .
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There are major differences becwser the studies of Chapter 4
and the study described in this chapter tha: are probably responsible
for the high correlations. The most significant differenca is cthat the

film study varied only one parameter, i.e., viewing distance (angular

MIF), whareas the studies of Chapter 4 varfad both the contrast ratio of
the display and the baﬁdwidth. The YOM's had to accouni for the visual
S effects of only one parsmeter in the film study compared tv the two i

by parametars of the video study. Thus the video study of Chapter 4

rapresents a more critical test of the FOM's than does the film study. i
Since the study described in thims chapter was dpno with a )
directly viewed film display, with no intervening video aystem, iu is
difficult to make absol::te purformance lavel compnrisoni‘with the target
recognition study of Chapter 4. The performsnce level of the film utudy |

was much higher, but it is imposasible to determine hiow much of this was

PR T Y

due to increased subject tralning and how much was due . improved image

quality,
Despite the inconclusiveness of the results shown in Table 17,

two significant points are evident. First, the limiting resolution and

equivalant bandpase are once again found at the bottcm of the liet of
correlations., Secund, the log BLMTFA and IJNDA-log (1/2 cpd) correlate
very highly with performance, preserving their position as the most ?
pronising display svstem FOM's. Graphs of these correlations are in 5

Appendix C.

1
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CHAPTER 6

\ DISCUSSION AND MODEL DEVELOPMENT

. e e

; Table 18 is a aumnary of the FOM'e investigated and their

y corralation with performance for the four tasks described in Chapters &

X and 5. Table 19 shows the rank order of the FOM's for each of the four

3 performance tasks, The last column of Table 19 is asomewhat misleading

due to the very high correlations that were obtained for almost all of i

“the FOM'a, To determine whether or not the diffarsnces in correlation

N g

coafficientes among the FOM's ware atatistically significant, a atatis-

tical analysis was done using a method devaloped by Hotelling
(Guilford, 1965, p. 191). The FOM with the highest corxrelation for each

i R I s

of the four tasks was analysed to detarmine if it was statistically ; f
higher than the other FOM's, Appendix D describes the equation and | :
procedure usad to accomplish this. The log BLMIFA correlated highest f §
with performance for the first thres performance tasks of Table 18. é
Table 20 shows the probability lesvel (or nonsignificancs) obtained by i
statistically comparing the log BLMTFA with sach of the other FOM's. | "”

For the film study described in Chapter 5 the FOM that correlated
highest with performance was the log JNDA. Tabls 21 statistically 3

comparas this FOM with the others to determine if it im statistically i

higher in correlation with performance,
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Table 18, Summary of FOM correlations with performance for the four

performance tasks

Target
FOM Recognition

(Television Study)

Target Detection
POL 1000 POL 2000
(Television Study)

Target
Recognition
(Film Study)

e,

Log BLMTFA =0.948 0.931 0.878 ~0.977
JNDA-Log (1/2 cpd) -0.937 0.928 0.853 -0.983
Log S.T. Res -0.509 0.923 0.864 -0.969
Log JNDA ~0.906 0.902 0.838 -0.984
JNDA-Log (2 cpd) -0.896 0.902 0.835 -0.983
S.T. Res -0.888 0.900 0.834 -0.973
Log MTFA -0.878 0.866 0.777 -0.950
JNDA =0.876 0.880 0.802 ~0.983
Log SSMTFA -0.869 0.857 0.766 -0.978
GFP-Log -0.847 0.869 0.760 -0.858
Log Info Dens -0.820 0.880 0.842 -0.971
ICs -0.818 0.837 0.724 -0.978
MTFA -0.811 0.829 0.717 -0.912
Info Dens -0.795 0.824 0.766 -0.974
Log Lim Res -0.783 0.795 0.709 -0.885
SQF -0.781 0.803 0.702 -0.979
GFP -0.781 0.798 0.670 -

Lim Res -0.764 0.778 0.695 -0.851
Ng -0,726 0.761 0.618 -0.729

n
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Tabla 19, Rank ordet of the FOM's for the four parformance tasks

b FOM Target Target Detection Target
Recognition -POL 1000 POL 2000 . Recognition
(Television Study) (Television Study) (Film Study)
Log BLMTFA 1 1 1 8
JNDA-Log (1/2 cpd) 2 2 3 3
log 5.T. Rea 3 ' 3 2 12
Log JNDA 4 4 5 1
JNDA-Log (2 cpd) 5 5 6 2
S.T. Res 6 6 7 10
Log MTFA 7 10 9 13
JNDA 8 8 8 4
Log SSMIFA 9 11 11 6
GFP-Log 10 9 12 16
Log Info Dens 11 7 4 11
IC8 12 12 13 7
MTFA 13 13 14 14
Info Dens 14 14 10 9
Log Lim Res 15 17 15 15
SQF 16 15 16 5
GFP 17 16 18 -
Lim Res 18 18 17 17
Ne 19 19 19 18
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Table 20, Statistical probability level that the top listed FOM is more
highly correlated with performance for the performance tasks
of Chaptar 4 (NS means not significant at p = 0.05 levsl)

Performance Task

FOM Target Recognition POL 1000 POL 2000
Probability, pc< Probability, p< Probability, p«<

Log BLMTFA - - -
JNDA=Log
(1/2 cpd) N§ N3 NS
Log S.T. Res 0.05 NS N§
Log JNDA 0.01 NS NS
JNDA=Log (2 cpd) RE NS NS
5.7, Res 0.05 NS NS
Log MTFA 0 025 0.05 0.025
JNDA 0.025 NS NS
Log SSMTFA 0.05 NS 0.025
GFP-Log 0.05 NS NS
Log Info Dens 0.05 NS NS
1C8 0.025 NS 0.05
MTFA 0.025 NS 0.05
Info Deas 0.025 NS NS
Log Lim Res 0.01 0.05 0.05
SQF 0.025 NS NS
GFP 0,025 NS 0.025
Lim Res 0.01 0.0 0.05
Ne 0.025 NS 0.0%

- ————
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Y Table 21. Btatistical probability level that the top listed FOM is more
3 highly corrulated with performance than the other FOM's for
E. the £1lm atudy of Chepter 5. (NS meaps not significant at the
. p = 0.05 level) :

e |

Performance Task
FOM "Film Study

Probability, p<
@’ Log JNDA -
5' JNDA N§
! JINDA-Log (2 cpd) NS
) JINDA-Log (1/2 cpd) NS
: | Log SSMTFA NS
3 108 NS
'; Log BLMTFA NS
g Info Dens NS
: S.T. Res NS
* Log Info Dens NS
t( Log S.T. Res NS
] Log MTFA NS
g MTFA 0.05
Jj Log Lim Res 0.05
: SQF NS
‘ GFP-Log 0.025
% Lim Res 0.05
f N, 0.025
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It is apparent from the statistical analysis shown in Tables 20
and 21 that it is impossible to confidently select one of the FOM's as

clearly superior to all of the others., The three FOM's that show the

 aece)

ﬁ mél: promige are the log BLMTFA, the JNDA=Log (1/2 cpd), and the JINDA~
§' g log (2 epd). Table 20 shows that the JNDA-log (1/2 cpd) and the JNDA-
E' ' % ' log (2 cop) are the only FOM's that are not significantly lower than the
E' é log BLMTFA for all three performance tasks. None of these three had the

highest correlation with performance for the film study; however, they

both correlated very highly with performance, and a statistical analysis

showed that there was not & significant difference between these FOM's

P siveh e T

in correlating with performanca.

A cautionary note must be injected concerning the application of

these FOM's to oparational display syatems. Performance for the target

L TP

P =,

recognition studies was measured in terms of the angular size of the

T e T e e e A e D s Y Tt o =

target at recognition, However, this may not be the important perform=-

L ke

ance variable from an operational standpoint. The problem arises for

ST =

= il

)
)
l display situations in which the angular size of the display is the
{

indepandent variable, as in the film study of Chapter 5. The angular

5

s

MTF and subjective quality of the display improve as the display is

-

moved away from the observer. Also, the performance, in terms of the

angular size of the target, improves (decreases) as the value of the

R .

L

FOM's Iincreases. However, the percent of the display that the target

must occupy for recognition to occur increases as the display is moved

further away. This corresponde to a more inefficient sensor/display




obsarver aystem in terms of the visual information transferred from the
‘l;naor to the observer.

Table 22 shows tho perceant of the display requirad for target
recognition calculated from tha film study of Chapter 5. The lower thae
perczantage of the display that the target must occupy for recognition to
oncur, the longer the slant range to the target at recognition, if the
sensor field of view (FOV) ia kept constant. Tha important operational
performance parameter is the diatance at which a target can be detactad
or recognized. Thus, it is dasirable to arrange a display system to
improve this capability as much as possidle. The calculated values of
the FOM's do not, by themselves, provide sufficiant iaformation o
determine the effect of display angular subtense on this operational
performance, This inadequacy is a savere shortcoming of all the FOM's
investigated and, to some extent, of the FOM concept in genaral. The
objective of the FOM concept was to develop a means of quantifying image
quality to relate to observer performance. This objective has been
successfully attained for several display variables, if one is concerned
about the angle subtended by the target at recognition., However, for
many display applications a more meaningful measure of performance is
the efficiency of the display/observer interface, This efficiency can
be expressed in terms of the percent of the display that the target must
occupy for target detection or recognition to occur. The smaller the
percentage, the better the paerformance,

This approach is more in the realm of developing a model to

predict absvlute performance levals rather than relative performance,

——

————
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which was the objective of the FOM concept. However, the potential
utility of a succensful target detection or recognition model is
sufficient to warrant a brief discussion of a poassible approach. The
objective of this discussion is to determine if the data shown in

Table 22 can be reasonably predicted using a -simple approsach to a target

recognition model.

Table 22, Percent of display width required for recognition for six
viewiag diste ..es; from the target recognition study of

Chapter 5
Viewing Distance Angular Width Percent of Display Width
(meters) of DNisplay Required for Kecognition
(degrees)

4,37 1.765 13.03

2.91 2.650 8.19

2,18 3.537 6.53

1.46 5.279 4.53

1.09 7.067 3.92

0.73 10.536 3.02

There are two easily defined extremes that can occur for a
display/observer interface: 1) a useverely display-limited case, and
2) a severely vislon-limited case.

For the first case the display is situated very close to the
observer and has a very low resolution compared to the visual aculty of

the observer. Thus the observer can easily resolve all of the visual

O
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information that the display can present. The limiting factor in this
case is the display/sensor capability. Therefore, the percent of tha
display that the target must occupy for recognition to occur is the
ratio of the number of resolution elemencs requirad across the target to
the total number of resolution elements across the display (times 100
for parcent). As a simple example, consider a tri~bar target. There
must be a minimum of five resolution elements across the target to
resolve its pattern as determined by the Nyquist limit., If the diasplay
is capable of 100 resclution elements across one dimension, then the
target must occupy 5 percent of that display dimension. In general,

this display limit can be expressed as:

-4

1!

(display 1imit) % D -(&-;1) 100 (11)
where
X D = percent of the display that the target muat occupy for
recognition to occur
NT = number of resolution elements required to recognize
target (along one dimenaion)
ND = pumber of resolution elements across one dimenaion of the

display

The second extreme is the vision-limited situation. This

occurs for cases where the angular size of an individual display



reasolution element is much smaller than the angular resolution limit
of the eya (1 to 1-1/2 minutes of arc). Thus the limiting factor for
this case is visual acuity, This means that the target must subtend a
minimum angls for raecognition to occur. For the tri-bar target example,
the target must subtend 5 to 7-1/2 minutes of arc (depending on the
visual resolution limi: used) for the target to be resolved., This
number is obtained by multiplying the number of resolution elements
required to resolve the target times the angular resolution limit of the
eys. The percent of the display that the target must occupy for this
case is given by:
o
(vision limit) % D -(-e-l-)-) 100 (12)

where

8y = required angular target size

8p = angular size of Lhe display

% D = percent of display required for recognition to occur

Equations (l1) and (12) describe the percent of the display
required for display/observer extremas or limites, The problem is how
does ona determine the requirements for intermediate, non-extreme cases?
The simplest approach is to simply add the two quantities togethar.

Thus, combining equations (1l) and (12) in this manner:

(er NT) .
(general case) ¥ D = n + i; 100 (13)

e ——— = -
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It should be noted that in this simple modeling approach ot is

calculated using:

Or = Ny oy

where

Oy = limiting visual aculty (in degrees)

Some assumption must be made to establish numbers for 6y, Ny and
Np. The visual acuity limit, 6y, is assumed to be 1-1/2 minutes of arc
which is the largest value of the 1 to 1-1/2 minutes of arc typically
ascribed to this parameter (Riggs, 1965). Since the éargata used were
somewhat .aimilar in nature to those used by Johneon (1966) in estab-
lishing the "Johnson criteria," these criteria are employed. The
Johnson criteria state that target recognition occurs for a display/
observer condition wherein the observer can resolve a periodic bar target
of 4.0 £ 0.8 cycles that is the same size as the target. Thus Nt is
approx.mately eight resolution elements (assuming two samples per cycle).
The useful limiting resolution of a display has been designated as the
spatial frequency at which the modulation contrast drops below about
two to five percent (Brock, 1967; Dyall, 1978). The number of resolution
elements, Np, is estimated to be the minimum number of sgmplea required
to resolve the spatial frequency at which the display MIF drops to
3-1/2 percent (midway between 2 and 5 percent). For the film study of

Chapter 5, Np 1is 680.
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Using these values for 6p, Ny, and Np the following equation

should predict the results shown in Tablae 22.

(£4lm study) % D = 3 9—'—3—334- Fg‘b‘z 100 (14)

The six viewing distances of this study correspond to six angular
sices for the display. Table 23 shows the % D values predicted by
equation (14) compared to the actual X D values of the study. Figure 6.1
shows the theoretically modeled curve of X D versus 8p. The circled
points in Fig. 6.1 are the actual data points from the study of Chapter 3.

It is apparent from Table 23 and Fig, 6.1 that the agreement
between the model and actual performance is axcellent considering the
simplicity of the model and the relative crudensss with which the
critical values in the modeling equation wera selected. The detarmination
of 8y and Ny tieed to be refined to be sensitive to subtle changes in
target characteristics and visual acuity, but the overall model structure

appears to be very promising.
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j'l Tuble 23. Predicted values of parcent of display required for targat
- recognition and actual values from Table 22
Bl -
*l.‘l‘: "
';ﬂ:{ Display
\ﬁ. Angular Predicted ¥ D Actual X D Percent Difference
i N : Width
I - (deg) '
1,765 . 12,51 13,03 4,1
2.650 g.72 8.19 6.3
3.537 6.83 6.53 4,5
3.279 4,97 ' 4,53 9.3
7.067 4,01 3.92 2.3
10.54 3.07 3.02 1.6
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Fig. 6.1. Theoretical model of percent of display width required for
target recognition versus angle subtended by the display
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The circled points are experimental results of the film
study described in Chapter 5.
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CHAPTER 7
CONCLUSIONS

Of the 19 FOM's investigated, all showed a reasonable degree of
correlation with performance, which iu somewhat surprising considering
the diverse assumptions and theoretical apprcaches of the differaent
FOM's.

The log BLMTFA, the JNDA-log (1/2 cps), and the JNDA-log (2 upd)
ahowed themselves to be the most promising indicators of image quality
based on the results of this dissertation. These hava norrelated highly
with performance [or target recognition and target detection tasks for
studies in which the contrast rativ, bandwidth and viewing distance to
the display have been varied. Also, they are affected by other diaplay
system variables such as nolse, luminance, and others that were not
investigated heare. It remeins to be seen whuthar or not these FOM's
will atill correlate well with performance for display situations in
which other parameters are varied,

1t may not be poasible to determine which FOM {e clearly
superior to all of the others, but it iw certainly possible to eliminate
some FOM'a from conmideration as inferior to the more highly correlating

FOM's, The limiting resolution and the equivalent bandpuss are two

RS R 2 )
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|
|
i
|
§




FOM's that are widely used that consistently correlated significantly
lower with performance than the higher-ranked FOM's. This is strong
evidence that these quantities should not be used as a mnans of
describing the overall image quality of a display system,

The failure of the gray~shada transformation to correlate well
with performance 1nd§ca:eu that this type of transformation does not
produce a quantity that la linear with respect to visual information.
The relative success of the JNDA=log (1/2 cpd) and INDA-log (2 cpd)
indicate that the lower modulation coutrast levels should probably be
weighted more heavily than the higher levels, which is opposite of the
gray=shade transformation effect.

The uuccenl of the modeling approach described in Chapter 6
indicates that it nay be more advantageous to develop methods of
predicting abwolute performance levels rather than spend time and
etfort developing alternative FOM's for display aystems.

Overall, this dismertation shows that there are several display
system figures of merit that are probably adequate as quantitative

indlcators of ilmuge quality,




APPENDIX A

SLANT RANGE AND ANGLE SUBTENDED BY TARGET
AT RECOGNITION CALCULATIONS

The slant range to the target at detection was calculated using
the squation:

1/2
2
S = A zu.u_i (19%)

sin? (6 - a)

vhere
8 = glant range to target
A = altitude of sensor
o = depression angle of mensor from horirontal
¢ = horizontal fi{eld angle to target

8 = vertical field angle to t.arget

and

(16)

2v tun(%\'))

¢ = arctan (
W

w = horizontal distance on display screen from center of the
display to the target (horizontal coordinate)

W = width of che display acreen

n
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¢y * total horizontal field of view of sensor

6 = aretln(

2h tln(gg)

)

h= vertical distance on display screen from center of display

to the target (vertical coordinate)

H = height of display screen

O * total vertical field of view of sensor

Figure A.l was used to derive the above relationships.

From trigonomecry and Fig. A,1 the following relationships are

apparent:

B=90 ~-a+8

L--———-

cos B

Rl tan ¢ = (=) can g

8 = (12 + R2)1/2

Substituting (19) and (20) into (21):

T I R S KO TP 1Y 1 VO L LR AT Aoret VT NN

ot 0 A A G S e G s

HIB N S LN TSR T ks T T T R T

(18)
(19)
(20)

(21)
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But:
cos? g8 = cos? [90’ + (& = cl)]
® [cos 90 cos (8 - a) - win (90°) sin (o - c.)]2
« ain? (8 - a)

So:

1/2
S = A(_l_:_.s.-_nf__t_) (22)
sin? (8 - a)

The values of ¢ and 6 must be obtained from the X, Y coordinates
of the target on the display screen. The derivation is the same for both
vertical and horisontal dimensions wo only the vertical will be considerad
in detail. Figure A.2 shows a plan view of a display aituation. The
distance labeled D is a dummy distance convenient for derivation
purposes, The maximum vertical [leld of view of the aendor is Oy} this

nust correspond to the maximum vertical display coordinate, h:

tan (9.'22). B‘é—z- (23)

wolving for D

D @ e (24)
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So for any vertical target position:

8
2n tan —%)
tan (8) =5 " T (25)
"
or:
g
Zh tan(—'%)
9 = arctan ——— (26)
H

tion was measured with

The linear size of the target at recogni

Using this and the viewing distance of 28

the electronic cross hairs.
on was calculated using:

inches the angle of the target at recogniti

27)

gp = 2 arctan (-—%)

where

Op = angle subtended by target &t recognition

W = diagonal size of target on the display

D = viewing distance
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APPENDIX B

EQUIPMENT USED FOR DISPLAY MEASUREMENT AND
PSYCHOPHYSICAL STUDIES

Displsy Measurement Equipment
Strip Chart Recorder: Hewlett-Packard Model 7101B

Oscilloscope: Tektronix Model 7613
Telephotometert Spectra Pritchard Model) 1980 CDB, Serial No. 227
TV Test Signal Generator: Systems Research Laboratories Model 2550

Video Test Generator: Colorado Video Inc. Model 615

Paychophyasical Study Equipment
16mm Movie Projector: L.W. Photo, Inc. Athena Model 4000 TSM

Croas Hair Generator/Video Digitizer: Systems Research Laboratories -
Custom built

TV Cawmera: Cohu Electronics Inc., Model 2810

TV Monitor: Hewlett-Packard - Model 6946A

TV Monitor: Tektronix Model 632 Serial No. 700871

Video Filter: Systems Research Laboratories -~ Custom built

"
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APPENDIX C

CORRELATION GRAPHS: PERFORMANCE VERSUS FCM'S

This section contains graphs showing the best lineaar fit (least
squares fit) for the relationship between observer performance and the

FOM's. The actual data points are shown on the graphs enclosed in

e et v 2 e

small circles. The graphs are organized in rank order of their corre~
lation coefficient for the first target recognition study (Chapter 4),
The correlation coefficients and rank order are summarized in Tables 14

through 17 in Chapter 6,
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A) Graph of angle subtended by target at recognition versus
log BLMTFA for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
log BLMTFA for the target recognition study of Chapter 5
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A) Graph of slant range to target at detection versus log
BLMTFA for POL targets and simulated altitude of 1000 feet,
B) graph of slant range to target at detection versus log
BLMTFA for POL targets and simulated altitude of 2000 feet
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A) Graph of angle subtended by target at recognition versus
JNDA-1log for the target recognition etudy of Chapter 4,
B) graph of angle subtended by target at recognition versus
JNDA~log for the target recognition etudy of Chapter 5
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Fig. C.7,

TARGEY AT RECOGNITION (DE6.)

1
2.9

LOG JNDA

A) Graph of angle subtended by target at recognition versus
log JNDA for the target recognition study of Chapter 4,
B) graph of angle cubtended by target at recognitioa versus
log JNDA for the target recognition study of Chapter 3
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tion study of Chapter 5
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recognition study of Chapter 3
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APPENDIX D |
.-{

STATISTICAL CALCULATION OF SIGNIFICANT DIFFERENCE B
BETWEEN CORRELATION COEFFICIENTS ;

A mathod for determining whether or not two correlation

coefficlents are significantly different was found in Fundamental

Statistics in Psychology and Education by Guilford (1965). The method V:ﬁ

was originally developed by Hotelling (1940). Equation (28), derived

by Hotelling, was used to calculate a t-value from which the level of 1 .
k- ? significance wam obtained from a t-table, ? y
3 . 1/2 .
| ta, = (r12 = r13) { 2 = -23) (1«+ f23) (28) .
- TR S P E FPIE PRLIPLIPY "
:; E where E
.} k td, = t score for a t-test ! _§
J; § Y12 = correlation between performance and FOM 1 ‘E'
g ‘ ry3 = correlation between performance and FOM 2 %g
% | rz3 = correlation between FOM 1 dnd FOM 2 R ?
! N = number of data points .lf
{ N=3 = degrees of freedom j%

-4 1 i
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) If pirfornanco is reprasented by the variable X, FOM 1 by Xj,

; and FOM 2 by X3, then equation (28) is applicable only if X; and Xg

5? ars correlated. This was the case for all of the FOM's investigated. L

g' The hypothesis for this one-tailed t-test is that there is no gﬁn»- ¥
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